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lactation, on the two major neurogenic regions of the adult brain, the subgranular zone (SGZ) of
the hippocampal dentate gyrus and the subventricular zone (SVZ), simultaneously. We also
assessed different types of behavior relevant to each region. After mating, pregnant Wistar rats
were divided into a control group (CG) that received a normal diet (20% protein); and a protein-
restriction group (PRG) that received a low-protein diet (8% protein). After birth, the same diets
were provided to the mother and pups until weaning, when some rats were analyzed and
others received a normal-protein diet until adulthood. Different sets of rats were used for
cellular and behavioral studies in juvenile or adult age. Brains were processed for immunohis-
tochemistry anti-BrdU, anti-Ki67, or anti-pHisH3. Juvenile and adult rats from distinct litters also
underwent several behavioral tests. Our data show that early protein restriction results in a
reduction of hippocampal progenitors and deficits in object recognition during adult life.
Moreover, longer periods of immobility in the tail suspension and in the forced swimming tests
revealed that PRG rats show a depressive behavior at 21 days of age (P21) and in adulthood.
Furthermore, we suggest that despite the reduced number/proliferation of neural stem cells
(B and/or E cells) in SVZ there is a compensatory mechanism in which the progenitors (types C
and A cells) proliferate in a higher rate, without affecting olfactory ability in adulthood.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.47
.
frj.br (M.F. Santiago).
the Elsevier OA license.
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Neurogenesis persists throughout adulthood in mammals,
mainly in two regions: in the SGZ of the hippocampal dentate
gyrus (Eriksson et al.,1998; Gage, 2000) and in the SVZ
(Conover and Allen, 2002).
In the hippocampal dentate gyrus, a population of neural
stem cells/progenitors divides continuously along the border
between the hilus and the granular layer, giving rise to cells
that migrate to the granular layer, where they differentiate
into granular neurons (Kuhn et al., 1996; Seri et al., 2001).
The SVZ contains four major cell types: ependymal cells
(E cells) that are in direct contact with the ventricular lumen
(Bruni, 1998), representing a putative neural stem cell popu-
lation that is mostly quiescent (Coskun et al., 2008; Johansson
et al., 1999; Nakafuku et al., 2008); neural stem cells (type B
cells) that are multipotent and self-renewing (Chiasson et al.,
1999; Doetsch et al., 1999, 2003) and generate clusters of
transitory amplifying progenitor cells (type C cells), which
proliferate and give rise to migrating neuroblasts (type A cells).
Type A cells migrate along the rostral migratory stream (RMS)
into the olfactory bulb (OB) where they differentiate into
granular and periglomerular neurons (Doetsch et al., 1999;
Winner et al., 2002). It is known that the ratio of type A:B:C
cells in the mouse brain is 3:2:1 (Lois et al., 1996; Doetsch et al.,
1997). Since there is no consensus about the true identity of the
neural stem cells in the SVZ and there is not a unique/specific
marker for these cells (Coskun et al., 2008; Doetsch et al., 1999;
Winner et al., 2002), here we decided to use B/E type cells to
represent SVZ neural stem cells.
Several markers can be used to identify proliferating cells
in the studies about adult neurogenesis, such as BrdU, Ki-67
and pHisH3. During the synthesis phase of the cell cycle, the
BrdU intercalate into DNA of cell replacing the endogenous
base thymine, and labeled cells can be identified by immu-
histochemistry techniques, without requiring the use of
autoradiography, unlike tritiated timidine (Nowakowski
et al., 1989). Furthermore, BrdU can be a good tool to study
the proliferation or differentiation of specific cell populations
in the neurogenic niches, based on the differences in the
length of the cell cycle among them (for example, stem cells
versus progenitors), besides enabling the progeny tracing
(Doetsch et al., 1999, 1997; Costa et al., 2011; Lennington
et al., 2003; Alvarez-Buylla et al., 2001). However, some
studies showed that in response to stress the cells can
incorporate BrdU, without necessarily be proliferating, for
example during DNA repair or abortive reentrance on the cell
cycle (Kee et al., 2002; Taupin, 2007 for review).
Ki-67 is a nuclear protein expressed in all phases of the cell
cycle (except in G0 and in a short period in early G1), which
has a very short half life and is expressed exclusively during
the cell cycle (Scholzen and Gerdes, 2000). Many studies used
only this marker to assess cell proliferation in rodents
(Moraes et al., 2012) and also in humans (Boekhoorn et al.,
2006; Boldrini et al., 2009; Coras et al., 2010). On the other
hand, pHisH3 is a protein expressed only during the G2/M
phase, what makes it a very reliable marker of cell prolifera-
tion (Mandyam et al., 2007). Using Ki67 and pHisH3 in cell
proliferation studies present advantages, since to beendogenous markers their expression in tissues are not
dependent on dose, bioavailability or diffusion, as in the case
of BrdU.
Postnatal neurogenesis can be modulated by diverse sti-
muli such as: ischemia and trauma (Bengzon et al., 1997;
Gould and Tanapat, 1997; Taupin, 2006; Tureyen et al., 2004),
infusion of growth factors (Craig et al., 1996), exposure to an
enriched environment (Barnea and Nottebohm, 1994;
Kempermann et al., 1998, 1997; Nilsson et al., 1999), voluntary
physical activity (van Praag et al., 1999) and also dietary
restriction (King et al., 2004; Lee et al., 2000). It was previously
reported that after caloric restriction, hippocampal neuro-
genesis can be either stimulated (Lee et al., 2002, 2000;
Mattson, 2005) or inhibited (Akman et al., 2004). In addition,
it has been reported that protein restriction limited to the
gestational period alters postnatal hippocampal neurogen-
esis, and that this effect persists even after nutritional
rehabilitation (Debassio et al., 1996). However, studies of the
effects of protein restriction during gestation and lactation on
SVZ and hippocampal neurogenesis have not been reported
so far.
The functional roles for adult neurogenesis are still being
debated (Bardy and Pallotto, 2010; Deng et al., 2010; Eisch
et al., 2008; Gheusi et al., 2009; Lacefield et al., 2012; Ma et al.,
2009; Yau et al., 2011). The idea that hippocampal neurogen-
esis may play an important role in memory is due largely to
the observation that several environmental and genetic
factors affecting hippocampal neurogenesis result in changes
in cognitive performance, such as physical exercise, exposure
to an enriched environment, stress, and aging (Drapeau et al.,
2003; Kempermann et al., 1997; Ohl and Fuchs, 1999; van
Praag et al., 1999). For example, voluntary exercise increases
cell proliferation in SGZ (Kee et al., 2007), while exposure to
an enriched environment promotes the survival of immature
neurons (Tashiro et al., 2007), and both factors improve
performance in the Morris water maze (Nilsson et al., 1999;
van Praag et al., 1999). Environmental enrichment also
improves recognition memory (Bruel-Jungerman et al.,
2005). However, more studies are necessary to clarify the
physiological role of neurogenesis in the adult hippocampus.
On the other hand, neurogenesis in the SVZ has been
associated with olfaction, due to evidence that it can be
modulated by the olfactory experience of animals. The
neuronal activity and sensory experience are critical to the
survival of young neurons in the olfactory bulb (Lledo and
Saghatelyan, 2005). Moreover, enrichment of odors increases
the survival of newly generated neurons and also olfactory
memory, suggesting a role of neurogenesis in the memory
process (Lledo et al., 2006; Magavi et al., 2005). Alonso and
collaborators (Alonso et al., 2006) observed that more of the
generated neurons survived in the olfactory bulb in mice that
learned an olfactory discrimination task.
Here, we investigated whether protein restriction during
gestation and lactation modulates cell proliferation in the rat
hippocampal dentate gyrus and SVZ. Behavioral parameters
were also assessed. We found that early protein malnutrition
results in a reduction of hippocampal neural progenitors and
in object-recognition deficits during adulthood, as well as a
depressive behavior already present at P21 that persists into
adult life. In the SVZ we found alterations in the duration of
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 1 0 – 2 712cell cycle phases of progenitors in the P21 rats subjected to
protein restriction, and a decrease in the proliferation of
slow-cycle cells in adulthood, without altering the olfactory
function.2. Results
2.1. Effects of protein restriction on hippocampal
cell proliferation
Fig. 1 shows a representative view of the hippocampal
dentate gyrus of P21 rats from CG and PRG, showing cells
immunolabeled for BrdU or Ki67 in the SGZ, granular layer
and hillus. Quantification of BrdU-positive cells were per-
formed only in the SGZ of the dentate gyrus, showing no
significant (p40.05) difference between PRG and CG (PRG:
47.3575.279 cells/mm; n¼4 and CG: 56.7273.461 cells/mm;
n¼6) in P21 rats, as shown in Fig. 1G. The same results were
also observed when we quantified Ki67-positive cells (PRG:
77.8275.75 cells; n¼4 and CG: 78.1276.30 cells; n¼9; p40.05;
Fig. 1H) or pHisH3-positive cells (PRG: 6.37570.5857 cells/mm;
n¼7 and CG: 6.51370.2082 cells/mm; n¼4; p40.05; Fig. 1I).
Although we observed no alteration in hippocampal-cell
proliferation immediately after protein restriction, it is
known that the hippocampus is not fully formed at the end
of lactation (Morgane et al., 2002). Therefore, we assessed
that hippocampal-cell proliferation continues in adulthood.
Fig. 2 shows a representative view of the hippocampal
dentate gyrus of adult rats from CG and PRG, showing cells
immunolabeled for Ki67 located mainly in the SGZ. Indeed,
the number of Ki67-positive cells, which were counted
exclusively along the SGZ of the dentate gyrus, was signifi-
cantly (po0.05) reduced in the PRG adult rats (10.9270.92
cells; n¼10) compared with the CG group (15.9370.83 cells;
n¼6), as shown in Fig. 2G. In our study we could not detect a
reliable number of cells labeled with pHisH3 (expressed by
the cells only during mitosis) or BrdU (expressed by the cells
only during S phase) in the hippocampus of adult rats for
analysis and comparison between experimental groups. Con-
sidering the lower rate of proliferation in the adult and that
even in the young rats, the number of pHisH3þ cells was
much smaller in relation to other markers (BrdU and Ki67),
the number of pHisH3þ cells in the adult hippocampus was
very low in both groups (0 to 2 cells per section) and it was
not possible the comparison between groups. About BrdU
labeling, one possibility is that the dosis used for BrdU
analysis (50 mg/kg) was not sufficient to label cells in the
hippocampus of adult rats due to lesser perfusion of this
region and reduced proliferation compared to SVZ (Curtis
et al., 2012).
We observed no changes (p40.05) in the area (PRG:
207.20715.74 mm2; n¼3 and CG: 197.6078.65 mm2; n¼3) or in
density (PRG: 13.8570.94 cells/mm2; n¼3 and CG: 13.7570.40
cells/mm2; n¼3) of the hippocampal DG of P21 PRG rats
compared to CG. We also observed no changes (p40.05) in
the area (PRG: 229.10713.43 mm2; n¼4 and CG:
231.10719.43 mm2; n¼4) or in the density (PRG: 11.0771.42
cells/mm2; n¼3 and CG: 12.9070.85 cells/mm2; n¼3) of the
hippocampal DG of adult PRG rats compared to CG.2.2. Effects of protein restriction on SVZ cell proliferation
Fig. 3 shows representative views of lateral walls of LVs of CG
and PRG P21 rats, in which it is possible to observe cells
immunolabeled for BrdU, Ki67 or pHisH3 located mainly in
SVZ. Quantification of BrdU-positive cells at P21 indicated no
differences between the PRG and CG rats (PRG: 113.4075.73
cells/mm; n¼7 and CG: 105.2074.48 cells/mm; n¼4; p40.05;
Fig. 4A). The same results were also observed when we
quantified Ki67-positive cells (PRG: 156.80716.46 cells/mm;
n¼5 and CG: 125.7076.88 cells/mm; n¼7; p40.05; Fig. 4B).
However, P21 PRG rats showed fewer (po0.05) pHisH3-
positive cells (3.1370.60 cells/mm; n¼6) around the SVZ of
LVs compared to CG rats (6.3371.02 cells/mm; n¼5), as
shown in Fig. 4C.
In adult rats, we aimed to determine whether the prolifera-
tion of fast-cycle cells was affected. Thus, PRG and CG rats
received a total of 9 injections of BrdU during a 5-day period,
and were perfused 3 h after the last BrdU injection, when
these cells have not yet migrated to their destination areas.
Fig. 5 shows representative views of lateral walls of LVs of CG
and PRG adult rats. Quantification of BrdU-positive cells in the
SVZ and statistical analysis showed no difference (p40.05) in
PRG rats (52.1673.21 cells/mm; n¼5) in relation to CG
(61.7373.10 cells/mm; n¼6), as shown in Fig. 6A. Likewise,
we observed no differences in SVZ cell proliferation between
the two groups by quantification of Ki67þ cells (PRG:
89.9975.82 cells/mm; n¼9 and CG: 106.2076.81 cells/mm;
n¼10; p40.05) or pHisH3þ cells (PRG: 4.5770.59 cells/mm;
n¼6 and CG: 4.3170.78 cells/mm; n¼7; p40.05), as shown in
Fig. 6B and C. These results suggest that early protein restric-
tion did not impair the proliferation of fast-cycle cells in SVZ.
We next aimed to determine whether the cells affected by
protein restriction in SVZ were the slow-cycle ones (B and/or
E cells). Therefore, PRG and CG rats received 4 BrdU injections
and were perfused one month after the BrdU injections,
allowing us to detect the proliferation of only slow-cycle cells
(type B and E), since the other cell populations (types C and A)
in SVZ will have already divided many times (diluting the
incorporated BrdU) and/or migrated to the olfactory bulb. The
number of BrdUþ cells/mm of the lateral wall of SVZ was
significantly (po0.05) lower in PRG (3.7870.55 cells/mm; n¼5)
than CG (6.8170.13 cells/mm; n¼4), as shown in Fig. 6D.
Moreover, the number of BrdUþ cells/mm of medial wall of
the SVZ was also significantly (po0.05) lower in PRG rats
(4.4070.67 cells/mm; n¼4) than CG (7.0070.40 cells/mm;
n¼3), as shown in Fig. 6E. Analysis of BrdUþ cells in the
dorsal wall of the SVZ showed no difference (p40.05)
between PRG rats (1.6270.67 cells/mm; n¼3) and CG
(2.1970.16 cells/mm; n¼3), as shown in Fig. 6F. These find-
ings demonstrated that protein restriction reduced the pro-
liferation of neural stem cells (B cells and/or E cells) around
the lateral ventricles of adult rats subjected to early
malnutrition.
2.3. Behavioral analysis
The evaluation of the olfactory ability of the rats indicated no
significant difference (p40.05) between PRG and CG regarding
the percentage of time spent in each compartment (familiar
Fig. 1 – Cell proliferation in the hippocampal dentate gyrus of juvenile animals. Fluorescent photomicrografy/structured
image (20X) of brain coronal sections of the hippocampal dentate gyrus in CG (A, B, C) and PRG (D, E, F) P21 rats, showing
BrdUþ cells (green; A and D), Ki67þ cells (red; B and E) as well as merged images of both markers and nuclear staining with
bisbenzimide (blue; C and E). Quantification of proliferative cells shows that there were no significant (p40.05, t-test)
alterations in the number of BrdUþ cells (G), Ki67þ cells (H) or pHisH3þ cells (I) in the dentate gyrus SGZ of PRG animals in
relation to CG. Values represent mean7SEM. h:hilus; gl: granular layer. Calibration bar: 50 lm.
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Fig. 2 – Early protein restriction modulates cell proliferation in the hippocampal dentate gyrus of adult animals. Confocal
optical microscopy (20X) of brain coronal sections of the hippocampal dentate gyrus of CG (A, C, E) and PRG (B, D, F) adult rats,
showing nuclear staining with bisbenzimide (blue; A and B) and Ki67þ cells (red; C and D). Arrows indicate examples of
Ki67þ cells that were counted in SGZ, as well as the inserts c’ and d’. Cells located in the hilus were not counted. E and F
represent the merged images. The quantification of proliferative cells along hippocampal dentate gyrus in (G) indicated that
PRG animals showed a reduced (npo0.05, t-test) number of Ki67þ cells in the SGZ compared to CG. Values represent
mean7SEM. Calibration bar: 50 lm.
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Fig. 3 – SVZ cell proliferation in juvenile animals. Fluorescent photomicrografy/structured image (20X) of brain coronal
sections of CG and PRG P21 rats showing BrdUþ cells (green) in the SVZ of CG (A) and PRG (B), Ki-67þ cells (red) of CG (C) and
PRG (D), as well as showing the pHisH3þ cells (green) and nuclear staining with bisbenzimide (blue) in the SVZ of CG (E) and
PRG (F). Calibration bar: 50 lm. LV: lateral ventricle; st: striatum; cc: corpus callosum.
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 1 0 – 2 7 15and unfamiliar), in pre-weaning, post-weaning, and adult
rats (olfactory discrimination test; Fig. 7A).
Juvenile and adult PRG and CG rats performed similarly in
the retention test (passive avoidance test; Figs. 7B and C;
p40.05), although juvenile PRG rats showed a higher latency
to step down to the grid floor during the training session in
relation to CG (Fig. 7B; po0.05).
We observed no significant (p40.05) differences between
groups in the locomotor and exploratory activity scores, in either
juvenile (open field test; Figs. 7D and E) or adult rats (open field
test; Figs. 7F and G), despite the significantly (po0.05) higher
number of rearings only during the first minute of the test
displayed by PRG juvenile rats compared to CG (Fig. 7E).
In adulthood, PRG rats spent less time exploring the novel
object in comparison to CG rats (PRG: 3.9270.78 s and CG:
6.9470.59 s; po0.05), i.e., the restriction of protein intake
compromised their capacity to recognize the novel object
(object recognition test; Fig. 7H), indicating that early protein
restriction impaired object recognition memory even after
nutritional rehabilitation.
In the tail suspension test, P21 PRG rats remained immobile
longer compared to CG rats (PRG: 133.3376.80 s and CG:93.0079.70 s; po0.05), as shown in Fig. 7I. These data showed
that a depressive behavior is already present in malnourished
juvenile rats. To evaluate whether this behavior persisted
until adulthood, the forced swimming test was performed.
A depressive behavior was also observed in PRG adult rats,
which remained immobile longer (PRG: 80.0072.00% and
CG: 58.0072.00%), and spent less time swimming (PRG:
10.5070.60% and CG: 18.0071.60%) and climbing (PRG:
9.8072.00% and CG: 23.5072.30%) compared to CG (po0.05),
as shown in Fig. 7J.
In the Morris water maze test, there was no difference
between PRG and CG adult rats in the escape latency, either
during the training phase or during the probe trial (Fig. 7K;
p40.05).3. Discussion
Although there are several reports in the literature about the
effects of protein malnutrition on CNS, its effects on neuro-
genesis and behavior are still not entirely clear. The discre-
pancy in the results obtained by many researchers may be
Fig. 4 – Quantification of proliferative cells in the SVZ of
juvenile animals. There were no significant (p40.05, t-test)
alterations in the number of BrdUþ (A) and Ki-67þ (B) cells
in the SVZ of PRG in relation to CG, but there were fewer
(npo0.05, t-test) pHisH3þ cells in the SVZ of juvenile PRG
animals in relation to CG (C). Values represent mean7SEM.
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 1 0 – 2 716due to a number of variations in the experimental models of
protein restriction, such as the diet composition, the length
of time during which protein is restricted, the age of the
animals, and the cell proliferation markers chosen.
In our study, we investigated the effect of protein restric-
tion during gestation and lactation on cell proliferation and
behavior of juvenile and adult rats. Although in humans it is
more common for malnutrition to be already present prior to
pregnancy, we chose to restrict protein intake only from the
beginning of gestation, since this model allows us to study
the possible changes that can be programmed in utero. In this
case, the putative alterations generated by the protein-
restricted diet would be concentrated in the fetus and early
postnatal development (but not in the mother), resulting in a
permanent programming of physiological systems and
increased susceptibility to disease in adulthood (metabolic
programming) (Dobbing et al., 1971; Ellis-Hutchings et al.,
2010; Florian and Nunes, 2010; Fowden et al., 2006; Lucas,1998). For example, protein malnutrition at earlier develop-
mental periods can affect brain development, causing anato-
mical, physiological, biochemical, and behavioral modifications
that persist into adulthood (Almeida et al., 1996; Dike, 1999;
Dobbing et al., 1971; Lister et al., 2005; Morgane et al., 1993;
Resnick et al., 1979; Tonkiss et al., 1991). Although every
nutrient has some influence on brain maturation, protein is
one of the most critical components for the development of
neurological functions, since amino acids are the precursors of
structural proteins that are essential for tissue maintenance
and homeostasis, as well as direct precursors of enzymes,
peptide hormones, and neurotransmitters (Morgane et al.,
2002).
Considering that in rats, macro- and microneurogenesis
begin in the middle of the gestational period, we can speculate
that these developmental processes occur when the maternal
organism is metabolically adapted to the stress condition
generated by the dietary change at the beginning of gestation.
In fact, protein-restricted pregnant rats were followed during
the entire gestation and lactation period, and we observed no
apparent alterations in their maternal or social behavior in
relation to the control group. On the other hand, even con-
sidering that stress could play some effect on neurogenesis,
the pattern of neurogenesis seems to be fundamentally
altered by prenatal protein deprivation, rather than stress.
Studying the combined effects of prenatal protein malnutrition
and stress on postnatal neurogenesis in the hippocampus,
King and colleagues (King et al., 2004) observed that although
control rats exposed to acute stress showed a significantly
decreased number of granular cells, neurogenesis in malnour-
ished rats was not significantly affected by acute stress.
As far as we know, there are no reports assessing
hippocampal-cell proliferation in rats subjected only to pro-
tein restriction in both gestation and lactation. Since protein
was restricted from the beginning of gestation up to P21, one
possibility is that the smaller number of progenitors in the
adult hippocampus, even after nutritional rehabilitation, may
be related to alterations in the stem cell pool during the
initial steps of CNS development. It is known that, in rats,
macroneurogenesis (pyramidal neuron generation) occurs at
the end of gestation, but microneurogenesis (granular neuron
generation in the dentate gyrus, olfactory bulb, and cerebel-
lum) continues after the end of lactation (Bayer and Altman,
1974; Morgane et al., 2002). Thus, the generation of granular
neurons begins at the 14th embryonic day, but only 15% of
adult granular neurons are present at birth. On postnatal
day 7, 45% of adult granular neurons are formed, and there
is a large increase of the neuronal population between 1
month and 1 year of age (Altman and Das, 1965; Bayer, 1982).
We suggest that the decrease in cell proliferation observed
in the SGZ of adult PRG rats might not be evident at P21
(late lactation), because at this time the hippocampus is not
fully formed. Thus, considering that both cell proliferation
and plasticity in juvenile rats are greater than in adults,
it is possible that early adaptations to the lack of protein are
not sufficient to maintain the normal population of progeni-
tors in adulthood. On the other hand, by analyzing the area
and density of the hippocampal dentate gyrus, including
rostral, intermediate and caudal areas, in both juveniles
and adults, we showed here that our protein restriction
Fig. 5 – SVZ cell proliferation in adult animals. Confocal optical microscopy (20X) of brain coronal sections of CG and adult
PRG rats showing BrdUþ cells (green) in the SVZ of CG (A) and PRG (B), Ki-67þ cells (red) of CG (C) and PRG (D), as well as
showing the pHisH3þ cells (green) and nuclear staining with bisbenzimide (blue) in the SVZ of CG (E) and PRG (F). Calibration
bar: 50 lm. LV: lateral ventricle; st: striatum; cc: corpus callosum.
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 1 0 – 2 7 17model did not cause evident alterations in the hippocampal
structure.
Since neuronal populations are generated sequentially, the
timing of an intervention can affect the development of
specific neuronal populations. Thus, it is likely that the
differences between our results and those of other groups
using similar experimental models in relation to hippocampal
neurogenesis are also due to the period of development
in which the animals were subjected to protein restriction
(and its extent) as well as the quantity of protein offered in
the diet.Our data for reduced cell proliferation in the hippocampal
DG during adult life are in accordance with some reports in
which caloric intake was restricted in early life. For example,
Akman et al. (2004) showed a decrease in hippocampal
neurogenesis immediately after a caloric-restriction period
limited to lactation, while Matos et al. (2011) observed a
similar effect in the hippocampus of adult rats subjected to
caloric restriction during gestation and lactation. On the
other hand, some reports in which the protein or caloric
intake was restricted during adult life showed an increase in
hippocampal neurogenesis, suggesting a possible role of
Fig. 6 – Early protein restriction did not affect the proliferation of fast cycle cells, but reduce the number/proliferation of
neural stem cells in the adult SVZ. The quantification of proliferative cells in the SVZ shortly after BrdU injections showed no
significant (p40.05, t-test) differences between groups in the number of BrdUþ (A), Ki-67þ (B), and pHisH3þ (C) cells.
However, the quantification of BrdUþ cells around the lateral ventricle 1 month after BrdU injections showed that PRG
animals had a reduced (npo0.05, t-test) number of B and/or E type cells in the SVZ of the lateral (D) and medial walls (E), but
not (p40.05, t-test) in the dorsal wall (F) compared to CG. Values represent mean7SEM.
b r a i n r e s e a r c h 1 4 9 6 ( 2 0 1 3 ) 1 0 – 2 718BNDF in this process (Lee et al., 2002). However, although in
caloric restriction there is a general nutritional deficiency
(including protein) due to the reduction in total food con-
sumption, it is not possible to evaluate whether the effects
observed arise from the lack of a specific nutrient or from
metabolic disorders, due to the scheme of food offered ad
libitum followed by food deprivation.
The establishment of the physiological role of adult neu-
rogenesis is still a new and controversial field, and the
mechanisms by which neurogenesis influences behavior are
not yet entirely clear. Several studies in this field raised from
the observation that the modulation of neurogenesis results
in loss or gain of certain cognitive skills or behaviors. Thus,
new experimental models (Glasper et al., 2012; Kim et al.,
2012), including computational models (Lazic, 2012), studies
about the influence of events during early-life (Korosi et al.,
2012) and even human studies (Coras et al., 2010; Snyder and
Cameron, 2012), have been trying to define how neurogenesiscorrelates to the behavior and in what extent it is crucial
within this complex scenario.
Although there is no consensus in the literature about the
physiological role of adult hippocampal neurogenesis, it
seems to be related to the formation of some, but not all
memory types (Shors et al., 2002). Madsen et al. (2003)
observed deficits in environmental recognition immediately
after irradiation, and Bruel-Jungerman et al. (2005) reported
that methylazoxymethanol treatment impairs the improve-
ment of object-recognition memory promoted by environ-
mental enrichment. In our study, we observed that PRG adult
rats show deficits in recognition memory, suggesting that this
neurogenic niche participates in the mechanisms by which
early protein restriction affects this cognitive function.
On the other hand, PRG rats did not show deficits in
aversive memory, either as juveniles or as adults. Likewise,
our group previously demonstrated that rats subjected to a
diet lacking several nutrients (including protein) until
Fig. 7 – Protein restriction generates a depressive behavior and impairs some, but no all memory types, without affecting
motor and olfactory abilities. (A) PRG animals, similarly to CG, were able to discriminate (npo0.05) the familiar (black) and the
unfamiliar (white) compartments during the pre-weaning, post-weaning and the adult life period (olfactory discrimination
test). Juvenile (B) and adult (C) PRG animals showed similar (p40.05) mean latency to step down to the grid floor in relation to
CG during the retention test (passive avoidance test). Locomotor and exploratory activities also were not affected in PRG
animals compared to CG neither in juvenile (D and E; p40.05) nor in adult (F and G; p40.05) age as shown by open field test.
In the object recognition test (H), adult PRG animals remained significantly (npo0.05) less time exploring the novel object in
relation to CG. In the tail suspension test, (I) juvenile PRG animals presented an increased (npo0.05) time of immobility in
relation to CG. Forced swimming test (J) reveals that PRG adult animals presented an increased (npo0.05) immobility and
reduced (npo0.05) swimming and climbing when compared to CG. In the Morris water maze (K) PRG adult animals showed a
similar (p40.05) escape latency to platform in relation to CG.
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spatial deficits that were reversible after nutritional rehabili-
tation (de Souza et al., 2008). However, juvenile PRG rats
showed a higher step-down latency compared to CG rats in
the training session, suggesting a depressive behavior.
There is an intense debate about the role of hippocampal
neurogenesis in depression (Danzer, 2012; David et al., 2010;
DeCarolis and Eisch, 2010; Snyder et al., 2011), although
considering the varied causes of depression, it is reasonable
that multiple neural substrates and mechanisms contribute to
its etiology and pathophysiology (Hsieh and Eisch, 2010; Lee
et al., 2010). Our data indicate that early protein restriction
results in a depressive behavior in juvenile rats and persists
until adulthood. Since hippocampal cell proliferation was
affected only in adulthood, cell proliferation in the dentate
gyrus seems not to be the major component in this process in
juvenile rats, when this region is still developing. One possi-
bility is that there is a deficiency or imbalance in the levels of
neurotransmitters in the brain of malnourished rats, resulting
in depressive behavior beginning in early life. Indeed, it has
been shown that prenatal protein restriction alters dopami-
nergic neurotransmission in the medial prefrontal cortex,
as well as the serotonergic and dopaminergic responses to
stress (Mokler et al., 2007). Another possibility is that there is a
decrease in the expression of neurotrophins, such as BDNF,
in the developing brain of PRG rats that may, at the same time,
contribute to impairment of neurogenesis (generating fewer
neurons and/or affecting their survival in the adult) and to the
pathophysiology of depression. Mesquita et al. (2002) reported
a decrease in the levels of BDNF and its receptor TrkB in
hippocampal granular neurons in rats subjected to postnatal
protein restriction. They suggested that the reduction in BDNF
signaling may be an important factor in the degeneration of
granule neurons. Indeed, it has been reported that the severity
of depression is directly correlated with BDNF levels in the
patient’s serum (Aydemir et al., 2006; Lee et al., 2007).
Furthermore, there is an increase of BDNF expression in the
subgranular layer of the dentate gyrus in individuals that
received anti-depressant treatment prior to death, compared
with untreated individuals (Chen et al., 2001). Considering
that the role of neurogenesis in the pathophysiology of
depression is not entirely clear, we cannot affirm that neuro-
genesis is a pivotal contributor to the etiology of depression.
In fact, some studies have suggested that neurogenesis is
necessary for the behavioral effects of antidepressants
(Santarelli et al., 2003; Samuels and Hen, 2011). Thus, it is
possible that PRG rats are not able to respond to treatment
with antidepressants such as fluoxetine, a selective serotonin
reuptake inhibitor, and this possibility could be tested further.
It has been shown in both rats (Airan et al., 2007) and adult
non-human primates (Perera et al., 2011) that the behavioral
effects of fluoxetine, as assessed in the forced-swim test, do
not occur in the absence of neurogenesis.
PRG adult rats did not show spatial memory deficits, either
in acquiring spatial information (training phase) or in retain-
ing acquired spatial memory (probe trial). Other reports have
also shown that reduced cell proliferation in the hippocampal
dentate gyrus does not necessarily result in spatial-memory
alterations (Shors et al., 2002, 2001). In fact, some groups
have suggested that this memory requires a more stablemechanism, besides the constant renewal through hippo-
campal neurogenesis (Goodrich-Hunsaker et al., 2008).
We also found no significant differences between PRG and CG
rats in a series of motor and exploratory behaviors, suggesting
that early protein restriction does not affect these abilities.
Series of consecutive tests are used in several behavioral
studies (Kalueff et al., 2007; Nakamura et al., 2001; Schmitt and
Hiemke, 1998). In our study, some sets of PRG and CG rats
performed a series of behavioral tests. Thus, the same set of
juvenile rats were exposed to the open field, passive avoidance
and tail suspension tests, whereas a different set of adult rats
were consecutively tested for passive avoidance, open field,
object recognition and forced swimming test. One possibility is
that the exposure of an animal to a behavioral test might alter
its responses to a subsequent, and different, behavioral para-
digm. Thus, in order to demonstrate that our experimental
design does not induce a bias, we compared the responses of
control rats after repeated testing and after a single test and
found no difference (data not shown). Thus, we believe that
our data were not affected by the sequence of behavioral tests
used. Furthermore, similar reports in the literature that com-
pared battery tested and nonbattery tested groups showed no
differences for most tests (Lad et al., 2010; McIlwain et al.,
2001), including passive avoidance, open field and Morris water
maze. These reports corroborate the idea that our experimen-
tal design does not alter the behavior response of animals.
Analysis of cell proliferation in the SVZ at P21 revealed a
decrease in the number of pHisH3-positive cells in the PRG
rats compared with controls. However, there was no differ-
ence between the two groups in the number of BrdU- and
Ki67-positive cells in the same region. Hence, we suggest that
SVZ progenitors in PRG rats have a shorter G2/M phase than
in CG rats. Furthermore, since the number of Ki67-positive
cells was similar in both groups (suggesting that the total
duration of the cell cycle was not altered), it is possible to
speculate that the G1 phase is longer and the length of the S
phase may be unaffected (since there was no alteration in the
number of BrdU-positive cells). Lewis et al. (1979) also
observed alterations in the duration of the cell-cycle phases
in malnourished pre- and postnatal rats.
Our data suggest that protein restriction decreased the
slow-cycle B and/or E cells labeled with BrdU in SVZ of adult
rats, which could reflect a reduction in the number or
proliferation of neural stem cells, or even a combination of
both. However, despite the significant reduction in the slow-
cycle cell number/proliferation, there was no significant
alteration in general cell proliferation. It is known that the
neural stem cell is able to generate, through asymmetric
division, another stem cell and a progenitor (Gage, 2000;
Doetsch et al., 1999). Progenitors, on the other hand, can
rapidly divide and give rise to other progenitors (amplifying
their own cell population), independently of the stem-cell
division rate. Our hypothesis is that a compensatory mechan-
ism exists, in which the fast-cycling progenitor cells (types C
and A cells) could proliferate at a higher rate to supply the
smaller pool of neural stem cells (B/E cells). Therefore, the
number of migratory neuroblasts reaching the olfactory bulb
or the survival of the newly generated interneurons would
not be affected by the protein-restricted diet. To confirm this
hypothesis, the olfactory discrimination test was performed.
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environment before and after weaning, and this ability was
not affected by the reduced number of pHisH3-positive
progenitors at P21. As expected, after nutritional rehabilita-
tion, adult rats also did not show olfactory deficits.
3.1. Conclusions
To our knowledge, this is the first time that the effects of
protein restriction during gestation and lactation on cell
proliferation in the lateral ventricle SVZ have been evaluated,
with simultaneous analysis of the hippocampal cell prolif-
eration. Taken together, our data suggest that protein restric-
tion during gestation and lactation is able to affect cell
proliferation in the two neurogenic niches (SVZ and DG) only
in adulthood. Protein restriction seems to affect each neuro-
genic niche differently, resulting in a compensatory mechan-
ism of a higher proliferation rate by the progenitors in the
adult SVZ, which does not occur in the SGZ. The mechanisms
by which it occurs remain to be elucidated, but could involve
the production of neurotrophins during the period of nutri-
tional restriction and after nutritional rehabilitation.
Furthermore, we propose that the reduction in hippocampal-
cell proliferation is one of the bases for some of the behavioral
effects generated by the lack of protein. Since malnutrition
during the first years of life is one of the main health issues in
developing countries, it is plausible that early malnutrition in
humans during a sensitive period of early brain development
could result in delayed development, and has long-lasting
effects on behavior.4. Experimental procedures
4.1. Animal care and breeding
All experiments were performed in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The experimental protocols were
approved by the Committee for the Use of Experimental
Animals of our institute, and all efforts were made to mini-
mize the number of rats used and their discomfort. All rats
were housed in the animal facility of our institute. For mating,
both males and females Wistar rats (nulliparous) were 3
months old. Rats were kept under controlled conditions of
light (12 h dark/12 h light) and temperature (2471 1C).
To minimize stress and maximize familiarity of the rats, the
behavioral tests were carried out under identical conditions of
illumination, temperature, and background noise level in all
groups. Furthermore, experiments were designed considering
the necessary amount of time for adaptation, when necessary
for the test. Behavioral tests were carried out between 08:00
and 12:00 and all rats from both groups were in the same
pattern of activity (light cycle). Lights were switched on at
07:00 and off at 19:00.
4.2. Experimental groups and diet
The presence of sperm in a vaginal smear was the reference
for the beginning of gestation. After mating, pregnant ratswere randomly divided into two experimental groups: control
group (CG) and protein-restriction group (PRG), as described
below. The CG received a 20% protein diet, and the PRG an 8%
protein diet. Both chows were very similar in flavor, color, and
texture. Diets were isocaloric and manipulated according to
the American Institute of Nutrition (AIN-93) recommenda-
tions (Reeves et al., 1993) and were offered during gestation
(21 days) and lactation (21 days). In the low-protein diet, the
calories missing because of the lack of protein were replaced
by addition of 12% carbohydrate (starch) to the CG diet.
The amount of lipids, fibers, vitamins, and mineral salts
was the same in both diets. The percentage of 20% of protein
for the CG diet was used in accordance to recommended
percentage of protein for maintenance of rodents by AIN-93.
In the other hand, several experimental models of protein
malnutrition (Lukoyanov and Andrade, 2000; Debassio et al.,
1996) use the percentage of 6% to 8% of protein for the PRG
diet, in order to ensure that the rat will be malnourished,
without prevent its body growth or survival. Rats were given
ad libitum access to water and food. After parturition, the
number of pups was normalized to 6 (males) per cage.
Therefore, only male rats were used in all analyses (cell
proliferation or behavior). To make sure that the behavioral
tests would not influence the rate of cell proliferation,
parallel litters were used for each set of tests: cell prolifera-
tion or behavior. For histological analysis, rats from both
groups (CG and PRG) were perfused at P21 (the end of the
lactation period) or received a commercial diet (20% protein)
until adulthood. A total of 77 male rats were used in the
experiments to assess cell proliferation, corresponding to 4 l
from each experimental group (CG and PRG), of both juveniles
and adults, totaling 16 l. For behavioral determinations, some
litters were used only at a young age and others only in
adulthood. Therefore, rats that were tested in the juvenile age
were not retested in adulthood. The only exception was the
olfactory discrimination test (that was conducted on a paral-
lel set of litters), in which the same rats were tested on both
juvenile and adult age. Four independent series of different
behavioral settings were performed, using different sets of
rats, as described below: 2 l from each group (CG and PRG)
were submitted only to the olfactory discrimination test (in
this case the same rats were tested on juvenile and adult
age); 2 l from each group (CG and PRG) were submitted to a
sequence of behavioral tests only in young age (open field,
passive avoidance and tail suspension tests); 2 l from each
group (CG and PRG) were submitted to a sequence of beha-
vioral tests only in adulthood (passive avoidance, open field,
object recognition and forced swimming tests); 2 l from each
group (CG and PRG) were submitted to the Morris water maze
test only in adulthood. For the behavioral tests, a total of 96
male rats from 8 l of each experimental group (CG and PRG)
were used, totaling 16 l.
4.3. Cell cycle markers
To assess whether cell proliferation was affected by protein
restriction, we investigated the expression of two endogen-
ous cell cycle markers: Ki67, a nuclear protein expressed
during all phases of the cell cycle, and phosphohistone
H3 (pHisH3), a marker for the G2/M phase of the cell cycle.
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marker 5-bromo-20-deoxy-uridine (BrdU Sigma, St. Louis, MO,
USA; 50 mg/kg in 0.007% NaOH in saline), according to
previous reports (Abrous et al., 2005; Gemma et al., 2007;
Takahashi et al., 1993; Yagita et al., 2001). P20 rats received 3
BrdU injections (3-h gap) on the same day, andwere fixed 24 h
after the first injection (P21). Adult rats received 9 BrdU
injections during 5 days (from P86 to P90; 2 daily injections
with a 3-h gap) and were fixed 3 h after the last injection.
Other adult rats received 4 BrdU injections in a single day
(P90; 3-h gap) and were fixed 1 month after the last injection.
BrdU injections were performed between 08:00 and 17:00 h,
according to the experimental design.
4.4. Tissue processing and immunohistochemistry
The rats were deeply anesthetized with an overdose of isofluor-
ane and transcardially perfused with 0.9% saline solution, 4%
paraformaldehyde in 0.1 M phosphate buffer and 4% parafor-
maldehyde in 0.1 M phosphate buffer with 10% sucrose added
(all at 8 1C). Brains were placed in 0.1 M phosphate buffer with
30% sucrose for at least 24 h, frozen in liquid nitrogen, and
sectioned at 20 mm, using a cryostat (Leica CM 1850). Coronal
brain sections were collected onto glass slides previously
covered with gelatin (Vetec, Rio de Janeiro, Brazil) and stored
at 20 1C. Four sections were collected on each slide, and the
adjacent sections were discarded to avoid repeated counting of
cells. The same brains were used to evaluate the effects of
protein restriction on cell proliferation in the two neurogenic
niches, simultaneously, as described below. For anti-BrdU or
anti-Ki67 immunohistochemistry, sections were post-fixed with
4% paraformaldehyde solution (40 1C) for 40 min and then
boiled in a microwave oven in 10mM citrate buffer (pH 6.0)
for 5 s. The boiled sections were immediately placed in cold
water. After 3 washes (5 min each) in phosphate buffered saline
(PBS) with 0.1% Triton X-100 (PBST) at room temperature, the
non-specific sites of the immunoglobulin link were blocked
with 5% normal goat serum (Sigma) in PBST for 30 min.
Incubations with the primary antibodies were performed at
4 1C overnight, and the following antibodies were used: mouse
IgG anti-BrdU (1:2; GE; Buckinghamshire; UK), rabbit IgG anti-
Ki67 (1:100; Abcam, Cambridge, MA, USA) or mouse IgG-anti
pHisH3 (1:100; Cell Signaling Technology, Beverly, MA, USA).
After 3 washes (5min each) in PBST, slides were incubated with
the appropriate secondary antibodies: Alexa 488-conjugated
goat anti-mouse IgG (1:200; Invitrogen Inc., Carlsbad, CA, USA)
or Cy3-conjugated goat anti-rabbit IgG (1:400; Jackson Immu-
noResearch, West Grove, PA, USA) for 2 h at room temperature.
Slides were washed 3 times (5 min each) in PBS and cover-
slipped with PPD anti-fading medium (90% glycerolþ10% PBSþ1
mg/ml 2,5-diphenyl-1,3,4-oxadiazole; Sigma). For pHisH3
immunostaining, the sections were not boiled in a microwave
oven and were washed using PBS with 0.3% Triton X-100.
4.5. Quantification of cell proliferation and statistical
analysis
Sections of the neurogenic regions were chosen using the
same anatomical references for both groups, according to
Paxinos and Watson (1986), including: olfactory bulb, cortex,corpus callosum, and white matter (in the SVZ analysis); or
lateral/third ventricles and corpus callosum (in the dentate
gyrus analysis). Counts of BrdU-, Ki67-, or pHisH3-positive
cells around the LVs were performed in 8 to 12 coronal
sections from each rat, along the rostro-caudal axis
(þ1.00 mm to þ0.20 mm from Bregma). In these sections, all
immunoreactive cells in the SVZ of the lateral wall of LVs
were counted (except for the dorsolateral SVZ, to exclude
RMS migrating cells) including a distance of 60 mm from the
ventricular lumen. In the analysis of B/E type cell number in
the SVZ, the medial and the dorsal walls were counted as
well. Hippocampal cell proliferation was assessed in 8 to 14
coronal sections from each rat, along the rostro-caudal axis
(3.30 mm to 4.16 mm from Bregma). For BrdU-, Ki67-, or
pHisH3-positive cell counting in the dentate gyrus SGZ, we
examined a thickness of 50 mm from the first row of cells in
the granular layer toward the hilus, according to Mizumatsu
et al. (2003). Proliferanting cells located in the hillus were not
counted. Counts were made using 40 and 40 oil objec-
tives (in SVZ and dentate gyrus cell counting, respectively)
with the aid of a Zeiss Axiovert 200 M microscope equipped
with ApoTome slide and fluorescence optics (Zeiss, Ger-
many). In the same hippocampal sections used to assess cell
proliferation, we also measured the area and density of the
DG using AxioVision software, and the values were plotted in
mm27SEM or as the mean number of cells/mm27SEM for
each group, respectively. In order to obtain the number of
BrdU-, Ki67-, or pHisH3-positive cells per millimeter in SVZ,
the lateral, medial, and dorsal walls were measured using
AxioVision software, and the values were plotted as the mean
number of cells/mm7SEM for each group. A LSM 510 META
confocal microscope (Zeiss, Germany) was also used for
image documentation. Student’s t-test and Whitney test were
applied to evaluate differences between CG and PRG (Graph
Pad Prism 4 software) and the significant or not significant
difference between groups was consistent between tests,
indicating the same results. Statistical significance was con-
sidered as po0.05. All cellular analyses were carried out by an
observer blinded to the nutritional status of the rats.
4.6. Behavioral analysis
For the behavioral tests, the rats of both experimental groups
were subjected to the same sequence of tests. Tests were
performed on different days (in the morning) and rats could
rest between tests. In the juveniles, one set of rats performed
only the olfactory discrimination test (OD) and was resub-
mitted to this test in adulthood. The second set of juvenile
rats performed the open field (OF), followed by passive
avoidance (PA) and tail suspension (TS) test. In the adults,
one set of rats performed the passive avoidance, followed by
open field, object recognition test (OR) and forced swimming
test (FS). The second set of adult rats performed only the
Morris water maze (MWM) test. The tests were recorded
using a video camera and later analyzed by a blinded
observer. According to the behavioral test, Student’s t-test,
ANOVA one-way followed by Newman–Keuls post-test or
ANOVA one-way followed by Bonferroni post-test was applied
to evaluate differences between CG and PRG (Graph Pad Prism
4 software). Statistical significance was considered as po0.05.
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The olfactory discrimination test (OD) was initiated during
P17–20 (period of late lactation) while the rats were still in the
cages with their mothers. Rats were weaned at P24 and resub-
jected to the olfactory discrimination task during P27–30 (after
weaning), to investigate whether they were able to discriminate
their own odor from the mother’s predominant odor. The same
rats were also tested as adults (P90). The olfactory discrimination
ability of rats was assessed by an adaptation of a previously
described protocol (Prediger et al., 2005). Rats were individually
placed for 5min in an apparatus divided into two identical
compartments (30 cm30 cm20 cm) separated by an open
door, where the rat could choose between one compartment
with fresh sawdust (unfamiliar) and another with unchanged
sawdust (familiar). In the familiar environment, the sawdust of
the cage was occupied by the rats for 72 h before the test. The
time (in seconds) spent by the rats in both compartments
(familiar versus unfamiliar) was recorded. Data was assessed
using the ANOVA one-way test followed by Bonferroni post-test
in order to evaluate differences between CG and PRG (Graph Pad
Prism 4 software). Statistical significance was considered as
po0.05.
4.6.2. Passive avoidance
The rats were tested using a modified step-down passive
avoidance procedure (Netto and Izquierdo, 1985). The appa-
ratus consisted of a steel box (20 cm30 cm) featuring a grid
floor made of steel rods (3 mm in diameter; spaced 1 cm
apart), where a foot shock (0.5 mA during 3 s, for juvenile
rats; and 1.0 mA during 3 s, for adult rats) could be delivered.
A rectangular steel platform (8 cm20 cm, 15 mm high) was
beside the grid floor. On the first day, either juvenile (P18–22)
or adult (P91) rats were placed in a box for 2 min to explore
and become accustomed to the new environment (habitua-
tion). Two hours after the habituation period, rats were
placed on the platform and the latency to step down to the
grid floor with all four paws was measured (training test).
When the rats stepped down, an electric shock was delivered
to the grid floor and the rats immediately returned to the
platform, where they remained for at least 10 s (the necessary
time, since the rats had to learn to avoid the foot shock). On
the second day, after 24 h, the retention test was performed
using the same procedure, and step-down latencies were
recorded (maximum 120 s), with no shock applied. Data was
assessed using the Student’s t-test in order to evaluate
differences between CG and PRG (Graph Pad Prism 4 soft-
ware). Statistical significance was considered as po0.05.
4.6.3. Open field
Locomotor and exploratory activities were tested using a mod-
ified version of the open field arena (Hall, 1941). The open field
test was performed in a white wooden arena, measuring
60 cm60 cm. The floor of the apparatus was divided by black
grid lines into 49 squares of approximately 8.5 cm each, contain-
ing two areas: periphery (40 squares along the walls) and center
(9 squares in the central area of the apparatus). Either juvenile
(P19–23) or adult (P93) rats were placed individually at the same
location in a corner square of the peripheral area. Rats were
tested during 5min-long sessions and their activities were
recorded. The peripheral locomotor activity (based on thenumber of grid lines crossed by a rat with its four paws within
the periphery) and the exploratory activity (rearing; based on the
number of times that a rat rose on its hind legs) were assessed.
Data was assessed using the Student’s t-test in order to evaluate
differences between CG and PRG (Graph Pad Prism 4 software).
Statistical significance was considered as po0.05. In the adult-
hood, this test was used as habituation period for the next test
performed by the rats (object recognition task), that was per-
formed in the same apparatus.
4.6.4. Object recognition task
Adult rats (P93) underwent a habituation period of 5 min in
the apparatus (during the open field test). The training
session was performed 24 h after the habituation period,
and the testing session was performed 24 h after training,
as previously described (Bevins and Besheer, 2006; Ennaceur
and Delacour, 1988). The duration of each session was 5 min.
During the training session, the apparatus contained two
identical objects (two orange balls), while in the test session
two dissimilar objects were used: a familiar one (an orange
ball) and a novel one (a blue cube) of similar size (5 cm
diameter). The recording of the session started when a rat
was placed in the apparatus. Object recognition was calcu-
lated by the time spent exploring the novel object and the
time spent exploring the familiar one. Recognition was
defined as directing the nose to the object at a distance
shorter than 2 cm and/or touching the object with the nose.
Data was assessed using the Student’s t-test in order to
evaluate differences between CG and PRG (Graph Pad Prism
4 software). Statistical significance was considered as po0.05.
4.6.5. Tail suspension test
The test was based on the fact that rats subjected to a short-
term, inescapable stress of being suspended by their tail, will
develop an immobile posture. Immobility is defined as the
absence of movements initiated by a rat, and includes passive
swaying. In this test, adapted from Chermat et al. (1986),
P21–24 rats of both groups were individually placed upside-
down, using an adhesive tape to fix the tail to a vertical
surface (iron rod with a height of 30 cm). The tape was placed
3–4 cm from the base of the tail. The extent of time that the
rats’ front paws were supported prior to the tail suspension
test was the same (5–10 s) for all rats, and was long enough to
hold the tail on the iron rod.
A square platform made of plastic was positioned horizon-
tally 20 cm below the iron rod, just under the rat’s forepaws,
in such a way that the rat could lightly touch the platform
and thus minimize the weight sustained by its tail until the
beginning of the recording session. During 5 min, the rat’s
behavior was recorded and the total time of immobility was
measured. The rat was considered immobile when it was not
making any movements of struggling, attempting to catch
the adhesive tape, body torsions, or jerks. Data was assessed
using the Student’s t-test in order to evaluate differences
between CG and PRG (Graph Pad Prism 4 software). Statistical
significance was considered as po0.05.
4.6.6. Forced swimming test
Adult rats (P96) of both groups were placed inside a cylind-
rical tank (height 35 cm, diameter 25 cm) containing clean
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adapted from Porsolt et al. (1978, 1977) and Cryan et al.
(2002). During the training phase the rats were left in the
cylinder for 15 min and allowed to swim freely. Twenty-four
hours later (test phase), the rats were placed in the cylinder
for 5 min, and the total duration of immobility, swimming
and climbing was measured. The rat was considered to be
immobile when it remained floating passively in the water or
made slight movements to keep its head above the water. The
rat was considered to be swimming when it made a move-
ment (usually horizontal) through the swimming chamber.
Climbing behavior was defined as an upward-directed move-
ment of the forepaws along the side of the swim chamber
(Cryan et al., 2002). A video camera was placed on top of the
water tank. Data was assessed using the Student’s t-test in
order to evaluate differences between CG and PRG (Graph Pad
Prism 4 software). Statistical significance was considered as
po0.05.4.6.7. Morris water maze
Adult rats (P90) of both groups were subjected to an adapta-
tion of the Morris water maze test (MWM), in which rats
learned to escape onto a hidden platform. The maze consists
of a circular black tank (1.80 m in diameter and 0.5 m in
height) based on the model proposed by Morris (1984), and
was located in a room with fixed visual tracks on the walls.
The tank was filled with cloudy water at room temperature
(20–22 1C) to a height of 0.4 m. Four starting positions (North,
South, East and West) were established, dividing the surface
of the maze into four quadrants. Spatial memory was
evaluated by training the rats to find a submerged platform
(8 cm in diameter and 18 cm in height) located 1.5 cm below
the water surface. Five attempts were carried out per day over
five consecutive days (training phase). The starting points
were altered randomly for each attempt, and the submerged
platform remained in the same position during the entire
trial. The interval between each trial was 30 min. The rats
had to swim to locate the hidden platform in 60 s (maximum
time), where they were allowed to remain for 10 s. If they
failed to find the platform, the rats were placed on it for 10 s
in order to allow them to associate spatial cues in the room
with the position of the escape platform. The time elapsed
since the entry of the rat into the maze until it found the
platform (escape latency) was measured. The entire trial was
recorded using a camera system linked to a computer that
recorded the rat’s swim path for subsequent analysis using
the Any-mazes software. Fourteen days after the training
phase (probe trial), rats were resubjected to the test with the
same conditions as the training phase, to investigate spatial
memory storage. Data was assessed using the ANOVA one-
way test followed by Newman–Keuls post-test in order to
evaluate differences between CG and PRG (Graph Pad Prism 4
software). Statistical significance was considered as po0.05.Author disclosure statement
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